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INTRODUCTION 

Intel's microcontroller families (MCS*-48, MCS-51, 
and iACX-96) contain a circuit that is commonly referred 
to as the "on-chip oscillator". The on-chip circuitry is 
not itself an oscillator, of course, but an amplifier that 
is suitable for use as the amplifier part of a feedback 
oscillator. The data sheets and Microcontroller Hand- 
book show how the (»-chip ampUfler and several off- 
chip components can be used to design a woridng os- 
cillator. With proper selection of off-chip conqwnents, 
these oscillator circuits will perform better than almost 
any odira- type of clodc oscillator, and by almost any 
criterion of excellence. The suggested circuits are sim- 
ple, economical, stable, and reliable. 

We offer assistance to our customers in selecting suitable 
off-chip components to work with the on-chip oscillator 
circuitry. It should be noted, however, that Intel cannot 
assume the responsibility of writing specifications for 
the off-chip components of the complete oscillator cir- 
cuit, nor of guaranteeing the performance of the finished 
design in production, anymore than a transistor manu- 
facturer, whose data sheets show a number of suggested 
amplifier circuits, can assume responsibility for the op- 
ttaidxm, in prodiicti<Hi, of any of fliem. 

We are often asked why we don't pablish a list of re- 
quired crystal or ceramic resonator specificatitms, and 
recommend values for the other off-chip components. 
This has been done in the past, but sometimes widi 

consequences that were not intended. 

Suppose we suggest a maximum crystal resistance of 
30 ohms for some given frequency. Then your crystal 
supplier tells you the 30-ohm crystals are going to cost 
twice as much as 50-ohm crystals. Fearing that Intel 
will not "guarantee operation" with 50-ohm crystals, 
you order the expensive ones. In fact, Intel guarantees 
only what is embodied within an Intel product. Besides, 
there is no reason why 50-ohm crystals couldn't be used, 
if the other off-chip components are suitably adjusted. 

SKNild we Rcoounend values f<n- the other off-chip com- 
ponents? Should we do it for SO-ohm crystals or 30-ohm 
crystals? With respect to what should we optimize their 
selection? Should we minimize start-up time or maxi- 
mize frequency stability? In many applications, neither 
stait-up time nor frequency stability are particularly crit- 
ical, and our "reconmiendations" are only restricting 
your system to unnecessary tolerances. It all depends 
sm the application. ' 

Although we will neither "specify" nor "recommend" 
specific off-chip components, we do offer assistance in 
these tasks. Intel applications engineers are available to 
provide whatever technical assistance may be needed 
or desired by our customers in designing with Intel 
products. 

This .^)pIication Note is intended to provide such assis- 



tance in die design of oscillator circuits for microcon- 
troller systems. Its purpose is to descrit)e in a practical 
maimer how oscillators work, how crystals and ceramic 
resonators work (and thus how to spec them), and what 
the on-chip amplifier looks like electronically and what 
its operating characteristics are. A BASIC program is 
provided in Appendix II to assist the designer in deter- 
mining the effects of changing individual parameters. 
Suggestions are provided for establishing a pre-produc- 
tion test program. 

FEEDBACK OSCILLATORS 
Loop Gain 

Figure 1 shows an amplifier whose output line goes into 
some passive network. If the input signal to the amplifier 
is V,, then the output signal from the amplifier is 
V2 = Av, and the output signal from the passive network 
is t)j - pvj = PAu,. Thus pA is the overall gain from 
tenninal 1 to tmoinal 3. 
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Figure 1 — Factors in Loop Gain 

Now connect tenninal 1 to terminal 3 , so that the signal 
path forms a loop: 1 to 2 to 3, which is also 1 . Now we 
have a feedback loop, and the gain factor pA is called 
the loop gain. 

Gain factors are complex numbers. That means they 
have a magnitude and a phase angle, both of which vary 
with frequency. When writing a complex number, one 
must specify both quantities, magnitude and angle. A 
number whose magnitude is 3, and whose angle is 45 
degrees is commonly written this way: 3/45°. The num- 
ber 1 is, in complex number notation, 1/0°, while 
-1 is 1 /180 °. 

By closing the feedback loop in Figure 0, we fiitee the 
equality 

v, = pAv, 
This eqiurtion has two solutions: 

1) Vi = 0; 

2) pA = 1/0°. 

In a given circuit, either or both of the above solutions 
may be in effect. In the first solution the circuit is quies- 
cent (no oii^ot signal). If you're bying to make an 
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oscillator, a no-signal condition is unacceptable. There 



reactance. That is, it must be inductive. Then, the fre- 
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Osdltators Work 



A fteAadcoariBator an^lfles'Us own noise uid feeds 
itbaclr to iadf in «Eactly die li^ phase, at the oadl- 
lation fiequeocy, to biiiM up and rranforce the desired 
oscillations. Its ability to do diat depends on its loop 
gain. Fiist, oscilkticHis can occur only at die feeqnency 
for which the loop gain has a phase angle of 6 degrees. 
Second, build-up of oscillations will occur only if the 
loop gain exceeds 1 at that frequency. Build-up continues 
until nonlinearities in die circuit reduce the average value 
of the loop gain to exacdy 1 . 

Start-up characteristics depend on the small-signal prop- 
erties of the circuit, specifically, the small-signal loop 
gain. Steady-state characteristics of the oscillator depend 
on the large-signal properties of the circuit, such as the 
transfer curve (output voltage vs. input voltage) of the 
amplifier, and the clamping effect of the input protection 
devices. These things will be discussed more fully fur- 
ther on. First we will look at the basic operation of a 
particular oscillator circuit, called the "positive reac- 
tance" oscillator. 

The Positive Reactance Oscillator 

Figure 2 shows the configuration of the positive reac- 
tance oscillator. The inverting amplifier, working into 
tiie impedance of the feedback network, produces an 
ott^wt signal diat is nranioaUy 180 degrees out of phase 
wtti its input The feedback network must provide an 
addUonal 180 d^ieesftese shift, such dut die ov«all 
loop gain has zero (or 360) degrees phase shift at tte 
oscillation fiequency. 




Figure 2 — Positive Reactance Oscillator 

In order for the loop gain to have zero phase angle it 
is necessary that the feedback element Zf have a positive 
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vdiere Xf is the reactance of Z, (die total Zf bdng Rf 
+ jXf , and C is the series ooffli^nation ai Cxi and C^. 



c = 



CxiC 



■X2 



+ Cv 



In other words, Zf and C form a parallel resonant circuit. 

If Zf is an inductor, then Xf = coL, and the frequency 
at which the loop pan has zero phase is the frequency 
at which 

1 

o)L = — — 
(oC 
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Normally, Z, is not an inductor, but it must still have 
a positive reactance in order for the circuit to oscillate. 
There are some piezoelectric devices on the market that 
show a positive reactance, and provide a more stable 
oscillation fisquency than an inductor will. Quartz crys- 
tals can be used where the oscillation frequency is crit- 
ical, and lower cost ceramic resonators can be used 
where the frequency is less critical. 

When the feedback element is a piezoelectric device, 
this circuit configuration is called a Pierce oscillator. 

The advantage of piezoelectric resonators lies in their 
property of providing a wide range of positive reactance 
values over a very narrow range of frequencies. The 
reactance will equal I/odC at some frequency within this 
range, so the oscillation frequency will be within the 
same range. Typically, the width of this range is only 
.3% of the nominal frequency of a quartz crystal, and 
about 3% of the nominal frequency of a ceramic reso- 
nator. With relatively little design effort, frequency ac- 
curacies of .03% or better can be obtained with quartz 
crystals, and .3% or better with ceramic resonators. 

QUARTZ CRYSTALS 

The crystal resonator is a thin slice of quartz sandwiched 
between two electrodes. Electrically, the device looks 
pretty much like a 5 or 6 pF capacitor, except that over 
certain ranges of frequencies the (gysM a positive 
(i.e., inductive) reactance. 

The ranges of positive reactance originate in the piezo- 
electric ftopetty of quartz: Squeezing the crystal gener- 
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ates an internal E-field. The effect is reversible; Apply- 
ing an E-field causes a mechanical deflection. Applying 
an AC E-field causes the crystal to vibrate. At certain 
vibrational frequencies there is a mechanical resonance. 
As the E-field frequency approaches a frequency of 
mechanical resonance, the measured reactance of the 
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Figure 3 — Crystal Reactance vs. Frequency 



Typically there are several ranges of frequencies wherein 
the reactance of the crystal is positive. Each range cor- 
responds to a different mode of vibration in the crystal. 
The main resonances are the so-called fundamental re- 
sponse and the third and fifth overtone responses. 

The overtone responses shouldn't be confused with the 
harmonics of the ftmdamental. They're not hartnonics, 
bnt different vibrational modes. They're not in general 
at exact integer multiples of the fundamental firequency. 
llieie wiU atlo be ' 'spiiiious' ' lesponm, occumng typ- 
ically a few fatuidied KH^ above each tnain response. 

To assure that an oscillator starts in the desired mode 
on power-up, something must be done to suppress the 
loop gain in the undesired frequency ranges. The crystal 
itself provides some protection against unwanted modes 
of oscillation; too much resistance in that mode, for 
example. Additionally, junction capacitances in the am- 
plifying devices tend to reduce the gain at higher fre- 
quencies, and thus may discriminate against unwanted 
modes. In some cases a circuit fix is necessary, such as 
inserting a trap, a phase shifter, or ferrite beads to kill 
oscillations in unwanted modes. 

Crystal Parameters 
Equivalent Circuit 

Figure 4 ^low^ sm equivalent circtlit that is used to 
represent the crystal for circuit analysis. 

The R|-L|-C| branch is called the motional arm of the 
crystal. The values of these parameters derive from the 
mechanical properties of the crystal and are constant for 
a given mode of vibration. Typical values for various 
nominal frequencies are shown in Table 1 . 




Figure 4 — Quartz Crystal: 
Syini>oi and Equivalent Circuit 

Cq is called the shunt capacitance of the crystal. This 
is the capacitance of the crystal's electrodes and the 
mechanical holder. If one were to measure the reactance 
of toe crystal at a frequency far removed from a reso- 
mmee frequency, it is the reactance of this capacitance 

Table 1 — Typical Crystal Parameters 



frequency 




Li 


Ci 


Co 


MHz 


Ohms 


mH 


PF 


pF 


2 


100 


520 


.012 


4 


4.608 


36 


117 


.010 


2.9 


11.25 


19 


8.38 


.024 


5.4 



The series resonant frequency of the crystal is the fre- 
quency at which L, and C, are in resonance. This fre- 
quency is given by 

f = I 

' 2ir VL,Ci 

At this frequency the impedance of the crystal is R, in 
parallel with the reactance of Cq. For most purposes, 
this impedance is taken to be just R,, since the reactance 
of Cq is so much larger than Ri- 

Load Capacitance 

A crystal oscillator circuit such as the one shown in 
Figure 2 (redrawn in Figure 5) operates at the frequency 
for which the crystal is antiresonant (ie, parallel- 
resonant) with the total capacitance across the crystal 
terminals external to the crystal. This total capacitance 
exteual to the crystal is called the load capacitance. 

As sbmm m ^gure 5, the load capacitance is pym by 



C, = 



Cvi Cv 



The crystal manufacturer needs to know the value of 
in order to adjust the crystal to the specified frequency. 
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oscillator circuit, at a frequ^y slightly above f,. In 



fi?li 



ppi 



Figure 5 — Load Capacitance 

The adjusdnNit involves putting the crystal in series 
wiA the specified Q,, and tfien "trimming" tfie crystal 
to obtain resonance of the series combinatian of the 
crystal and at the specified frequency. Because of the 
high Q of the crystal, the resonant frequency of the 
s«ies combination of Has crystal and C^, is the same as 
the antiresonant fiequency of the parallel combination 
of the crystal and C^,. This frequency is given by 

2 IT VL,C, (Cl + Co)/(Ci + Cl + Co) 

These fiequency formulas are derived (in Appendix I) 
from the equivalent circuit of the crystal, using the as- 
sumptions that the Q of the crystal is extremely high, 
and that the circuit external to the crystal has no effect 
on the frequency other than to provide the load capac- 
itance Cl- The latter assumption is not precisely true, 
but m close eiKii^h for present purposes. 

"Series" vs. "Parallei" Crystals 

Thse is no such thing as a "series cat" crystal as 
opposed to a "parallel cut" crystal. There are different 
cuts of crystal, having to do widi the parametexs of its 
motiooal arm in varions fiequracy rang)», but there is 
no fecial cut for series parallel operation. 

An oscillator is series resonant if the oscillation fre- 
quency is of the crystal. To operate the crystal at fj, 
the amplifier has to be noninverting. When buying a 
crystal for such an oscillator, one does not specify a load 
capacitance. Rather, one specifies the loading condition 
as "series." 

If a "series" crystal is put into an oscillator that has an 
inveitii^ as^lifirar, it will osdUito in parallel temamx 
wttlt li>& load cqtacitance presaited to the orystEd ^ the 



This fireqaett^ would ^^pkidly' be^lboitt 0.(K% aboive 
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Equivalent Series Resistance 

The "series resistance" often listed on quartz crystal 
data sheets is the real part of the crystal impedance at 
the crystal's calibration frequency. This will be Rl if 
the calibration fiequency is the series resonant frequency 
of the oystal. If the crystal is caUbrated for parallel 
resonance with a load capacitance CL, die equiv^nt 
series resistance will be 

ESR = R, (1 + 

The crystal manufacturer measures this resistance at the 
calibration frequency during the same operation in which 
the crystal is adjusted to the caUbration frequency. 



Frequency T«leranee 

Frequency tolerance as discussed here is not a require- 
ment on the crystal, but on the complete oscillator. There 
are two types of frequency tolerances on oscillators: 
frequency accuracy and frequency stability. Frequency 
accuracy refers to the oscillator's ability to nm at an 
exact specified frequency. Frequency stability refers to 
the constancy of the oscillation frequency. 

Frequency accuracy requires mainly that the oscillator 
circuit present to the crystal the same load capacitance 
that it was adjusted for. Frequency stability requires 
gjainly that the load capacitmwe be constant. 

In most digital applications the accuracy and stability 
requirements on the oscillator are so wide diat it makes 
very little difference what load capacitance the crystal 
was adjusted to, or what load CE^adtlUKX the circuit 
actually pieSraits to the crystal. For example, if a crystal 
was CaUbrated to a load ct^Ktcitance of 25 pF, and is 
used in a dtcoit whose actual load capacitance is 50 pF, 
the fiequency error on diat account would be less than 
0.01%. 

In a positive reactance oscillator, the crystal only needs 
to be in the intended response mode for the oscillator 
to satisfy a 0.5% or better frequency tolerance. That's 
because for any load capacitance the oscillation fre- 
quency is certain to be between the crystal's resonant 
and antiresonant frequencies. 

Phase shifts that take ^ace witMn tfie miqdfflar pffit of 
the oscillator will also affect ta^ieney acMraey ^ 
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stability. These phase shifts can normally be modeled 
as an "output capacitance" that, in the positive reac- 
tance oscillator, parallels Cx2. The predictability and 
constancy of this output capacitance over temperature 
and device sample will be the limiting factor in deter- 
nuning the tolerances that the circuit is capable of 
hDldii^. 

Drive Level 

Drive level refers to the power dissipation in the crystal. 
There are two reasons for specifying it. One is that the 
parameters in the equivalent circuit are somewhat de- 
pendent on the drive level at which the crystal is cali- 
brated. The other is that if the application circuit exceeds 
the test drive level by too much, the crystal may be 
damaged. Note that the terms "test drive level" and 
"rated drive level" both refer to the drive level at which 
die crystal is calibrated. Normally, in a microcontroller 
system, neither the frequency tolerances nor the power 
levels justify much concern for this specification. Some 
crystal manufacturers don't even require it for micro- 
processor crystals. 

In a positive reactance oscillator, if one assumes the 
peak voltage across the crystal to be something in the 
nei^ibariiood of Vqc, ttm power dissipiaion can be ap- 
ppoxinuded as 

P = m,[irf(CL + Co)Vcc]^ 

This formula is derived in Appendix I. In a 5V system, 
P rarely evaluates to more than a milliwatt. Crystals 
with a standard 1 or 2 mW Aive level taSiag can be ttied 
in most digital systems. 
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Figure 6 — Ceramic Resonator Impedance vs. 
Frequency (Test Data Supplied by 
NTK Technical Ceramics) 



CERAMIC RESONATORS 

Ceramic resonators operate on the same basic principles 
as a quartz crystal. Like quartz crystals, they are 
piezoelectric, have a reactance versus frequency curve 
similar to a crystal's, and an equivalent circuit that 
looks just like a crystal's (with different parameter 
values, however). 

The ft^uency tolerance of a ceramic resonator is about 
two orders of magnitude wider than a crystal's, but the 
ceramic is somewhat cheaper than a crystal. It may be 
noted for comparison that quartz crystals with relaxed 
tolerances cost about twice as much as ceramic reso- 
nators. For purposes of clocking a microcontroller, the 
frequency tolerance is often relatively noncritical, and 
the econoniic consid«a|iaa be^oni^ the dominant 
factor. 

Figure 6 shows a graph of impedance magnitude versus 
frequency for a 3.58MHz ceramic resonator. (Note that 
Figure 6 is a graph of |Zf| versus frequency, whereas 
Figure 3 is a graph of Xf versus frequency. ) A number 
of spurious responses are apparent in Figure 6. The 
manufacturers state that spurious responses are more 
prevalent in the lower frequency resonators (kHz range) 
than in the higher frequency units (MHz range). For our 
purposes only the MHz lai^ coamics need to be 
considered. 



IDI 

SYMBOL 
R, L, C, 
JVW nnrv-i ^ 

Co 

)l 

EQUIVALENT CIRCUn" 



Flgure 7 — Ceramic Resonator: 
Symbol and Equivalent Circuit 

Figure 7 shows the symbol and equivalent circuit for the 
ceramic resonator, both of which are the same as for the 
crystal. The parameters have different values, however, 
as listed in "Table 2. 



Table 2 — Typical Ceramic Parameters 



frequency 


Ri 


Li 


c, 


Co 


MHz 


oiims 


mH 


PF 


pF 


3.58 


7 


.113 


19.6 


140 


6.0 


8 


.094 


8.3 


60 


8.0 


7 


.092 


4.6 


40 


11.0 


10 


.057 


3.9 


30 
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Note that the motional arm of the ceramic resonator Ofl-Chip OSClllatOFS 

tends to Mve less mmm M the quartz crystal and 



also a vastly reduced L,/C| ratio. This re sults in the 
motional arm having a Q (given by (l/R{) VL,/C|) that 
is typically two orders of magnitude lower than that of 
a quartz crystal. The lower Q makes for a faster start- 
up of the oscillator and for a less closely controlled 
frequency (meaning that circuitry external to the reso- 
nator will have more influence on flje frequency than 
with a quartz crystal). 

Another major difference is that the shunt capacitance 
of the ceramic resonator is m ern^ ef ni^nitiide hitter 
than Cg of the quartz crystal and more dependiHit m the 

frequency of the resonator. 

The implications of these differences are not all obvious, 
but some will be ta^ated 'ta tbe see&m m Os^itt 
Calculations. 

Specifications for Ceramic Resonators 

Ceramic resonators are easier to specify than quartz crys- 
tals. All the vendor wants to know is the desired fre- 
quency and the chip you want it to work with. They'll 
supply the resonators, a circuit diagram showing the 
positions and values of other external components that 
may be required and a guarantee that the cireuit will 
w<^ properly at the specified frequency. 



OSCILLATE DESIGN CONSiaiflATIONS 

Designers of microcontroller systems have a number of 
options to choose ftom for clocking the system. The 
main decision is whether to use the ' 'on-chip" oscillator 
or an external oscillator. If the choice is to use tbe on- 
chip oscillator, what kinds of external components are 
needed to make it operate as advertised? If the choice 
is to use an external oscillator, what type of osciU^M 
should it be? 

The decisions have to be based on both economic and 
tecfameal reqtiirements. In this section we'll discuss 
some of die factors that ^ould be consid^ed. 




Figure 8 — Using the "On-Clilp" Oscillator 



n most cases, the on-chip amp iher with the appropriate 
external components provides the most economical so- 
lution to the clocking problem. Exceptions may arise 
in severe environments when frequency tolerances are 
tighter than about 0.01%. 

The external components that need to be added are a 
positive reactance (normally a crystal or ceramic reso- 
nator) and the two capacitors Cxi ^xz' ^ shown 
in Kgure 8. 

Crystal Specifications 

Specifications for an appropriate crystal are not very 
critical, unless the frequency is. Any fundamental-mode 
caystal of mediimi or better quality can be used. 

We are often asked what maximum crystal resistance 
should be specified. The best answer to this question is 
the lower the better, but use what' s available . "The crystal 
resistance will have some effect on start-up time and 
steady-state amplitude, but not so much that it can't be 
compensated for by appropriate selection of the capac- 
itances Cxi ^X2- 

Similar questions are asked about specifications of load 
capacitance and shunt capacitance. The best advice we 
can give is to understand what these parameters mean 
and how they affect the operation of the circuit (that 
being the purpose of this Application Note), and then 
decide for yourself if such specifications are meaningful 
in your application or not. Normally, they're not, unless 
ytm frequency uileiances tighter than about 0. 1%. 

Part of the problem is that crystal manufacturers are 
accustomed to talking "ppm" tolerances with radio en- 
gineers and simply won't take your order until you've 
filled out their list of specifications. It will help if you 
define your actual frequency tolerance requirements, 
both for yourself and to the crystal manufacturer. Don't 
pay for 0.003% caystals if yow actual fiequency tol- 
erance is t%. 

Oscillation Frequency 

The oscillation frequency is determined 99.5% by the 
crystal and up to about 0.5% by the circuit external to 
the crystal. TTie on-chip amplifier has little effect on the 
frequency, which is as it should be, since the amplifier 
parameter are temperature and pcocM dependent. 

The influence of the on-chip an^Mer on the frequency 
is by means of its input and oiiq)Ut (pin-to-ground) ca- 
pacitances, which parallel Cxi ^^'^ *^X2' XTALl- 
to-XTAL2 (pin-to-pin) capacitance, which parallels the 
crystal. The input and pin-to-pin capacitances are about 
7 pF each. Internal phase deviations fmm tbe nominal 
180° can be modeled as an output @^eltaBce of 25 to 
30 pF. These deviations fmm ^ ideal have less effect 
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in the positive reactance oscillator (with the inverting 
amplifier) than in a comparable series resonant oscillator 
(with the noninverting amplifier) for two reasons: first, 
the effect of the output capacitance is lessened, if not 
Swamped, by the off-chip capacitor; secondly, the pos- 
itive reactance oscillator is less sensitive, frequency- 
wise, to such phase errors. 

Selection of and Cxj 

Optimal values for the capacitors Cxi ^X2 depend 
on whether a quartz crystal or ceramic resonator is being 
used, and also on application-specific requirements on 
Start-up time and frequ^iey tcilerimee. 

Start-up time is sometimes more critical in microcon- 
troller systems than frequency stability, because of var- 
ious reset and initialization requirements. 

Less commonly, accuracy of the oscillator frequency is 
also critical, for example, when the oscillator is being 
used as a time base. As a general rule, fast start-up and 
stable frequency tend to pull the oscillator design in 
opposite directions. 

Considerations of both start-up time and firequency sta- 
bility over temperature surest that C^i and C^j should 
be about equal and at least 20 pF. (But they don't have 
to be either.) Increasing the value of these capacitances 
above some 40 or SO pp improves frequency stability. 
It also tends to increase the start-up time. There is a 
maximum value (several hundred pF, depending on the 
value of I^j of the quartz or ceramic resonator) above 
Which the bscillator won't start up at all. 

If the on-chip amplifier is a simple inverter, such as in 
the 8051, the user can select values for Cx, and Cx2 
between some 20 and 100 pF, depending on whether 
start-up time or frequency stability is the more critical 
parameter in a specific application. If the on-chip am- 
plifier is a Schmitt Trigger, such as in the 8048, smaller 
values of Cxi must be used (5 to 30 pF), in order to 
prevent the oscillator from running in a relaxation mode. 

Later sections in this Application Note will discuss the 
effects of varying Cxi ^X2 (^^ other param- 

eters), and will have more to say on their selection. 

Placement of Components 

Noise glitches arriving at the XTALl or XTAL2 pins 
at the wrong time can cause a miscount in the internal 
clock-generating circuitry. These kinds of glitches can 
be produced through capacitive coupling between the 
oscillator components and PCB traces carrying digital 
signals with fast rise and fall times. For this reason, the 
oscillator components should be mounted close to the 
chip and have short, diimt tom»s to the XTALl, 
XTAL2, and VSS pins. 

Clocking Other Chips 

There are times when it wottld be desirable to use te 
on-chip osciUatoar to etock other chips m itm ijf^mi. 




XTAL2 



XTAL1 



XTAL2 



XTAL1 



B) miVING 



Figure 9 — Using the On-ChIp Oscillator 
to Drive Other Chips 

This can be done if an appropriate buffer is used. A 
TTL buffer puts too much load on the on-chip amplifier 
for reliable start-up. A CMOS buffer (such as the 
74HC04) can be used, if it's fast enough and if its VIH 
and VIL specs are compatible with the available signal 
amplitudes. Circuits such as shown in Figure 9 might 
also be considered for these types of applications. 

Clock-related signals are available at the TO pin in the 
MCS-48 products, at ALE in the MCS-48 and MCS-51 
lines, and the iACX-96 controllers provide a CLKOUT 
Sipal. 

External Oscillators 

When technical requirements dictate the use of an ex- 
ternal oscillator, the external drive requirements for the 
microcontroller, as published in the data sheet, must be 
carefully noted. The logic levels are not in general TTL- 
compatible. And each controller has its idiosyncracies 
in this regard. The 8048, for example, requires that both 
XTALl and XTAL2 be driven. The 8051 can be driven 
that way, but the data sheet suggest the simpler method 
of grounding XTALl and driving XTAL2. For this 
method, the driving source must be capable of sinking 
sonw current when XTAL2 is being dtiveii low. 

For tihe external oscillator itself , tbete ate basically two 
choices: ready-made and home-growni 
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The HS-100, HS-200, & HS-500 all-metal package 
series of oscillators are TTL compatible & fit a DIP 
layout. Standard electrical spe^jpgiitions are sfiown 
below. Vamations are available for spe^ applications. 



OUTPUT WAVE FORM 



Frequency Range: 



HS-100 — 3.5 MHz to 30 MHz 
HS-200 — 225 Khz to 3.5 MHz 

HS-500 — 25 MHz to 60 MHz 



Frequency Tolerance: ± .01% Overall 0-70° C 

Hermetically Sealed Package 

Mass spectrometer leak rate max. 
1 X 10 8 atmos. cc/sec, ot helium 




INPUT 


Supply Voltage 
(Vcc) 

Supply Current 
Vtse) max. 


HS-100 


HS-200 


HS-500 


3.5 MHz - 20 MHz 


20+ MHz - 30 MHz 


225 KHz - 4.0 MHz 


25 MHz - 60 MHz 


m * 10% 
30mA 


SV ± 10% 
40mA 


SV + 10% 
SSmA 


5V ± 5% 
SOmA ' 


OUTPUT 


Vqh (Logic "1") 
Vol (Logic "o") 

Symmetry 
Tr, Tp (Rise & 

Fall Time) 
Output Short 

Circuit Current 
Output Load 


HS-100 


HS-200 


HS-500 


3.5 MHz - 20 MHz 


20+ MHz - 30 MHz 


225 KHz - 4 MHz 


25 MHz - 60 MHz 


+ 2.4V min.' 
+ 0.4V max.= 
60/40%= 

< 10ns« 

18mA min. 
1 te 10 TTL Loads' 


+ 2.7V min. 2 
+ 0.5V max." 
60M0V 

< 5ns*^ 

40mA min. 
1 to 10 TTL Loads' 


+ 2.4V min.' 
+ 0.4V max.3 
SS/45%s 

< 15ns« 

18mA min. 
1 to 10 TTL Loads' 


+ 2.7V min. 2 
+ 0.5V max." 
S0/4O%» 

< 5nss 

40mA min. 
1 to 10 TTL Loads' 


CONDITIONS 

Mo source = - 400m.A max. "losink = 20,0rnAimax. '1.6mA per load 
^0 source = - 1 -0mA max. ^Vq ^ 14V 82.omA per load 
=lo sink = 16.0mA max. =(0,4V to 2.4V) 



Figure 10 — Pre-packaged Oscillator Data* 



Prepackaged oscillators are available from most crystal 
manufacturers, and have the advantage that the system 
designer can treat fhe oscillator as a black box whose 
performance is guaranteed by people who carry many 
years of experience in designing and building oscillators. 
Figure 10 shows a typical data sheet for some prepack- 
aged oscillators. Oscillators are also available with com- 
plementary outputs. 

If the oscillator is to drive the microcontroller directly, 
one will want to make a careful comparison between the 
external drive requirements in the microcontroller data 
sheet and the oscillator's ou^t logic levels and test 
conditions. 

If Oscillator stability is less critical than cost, the Oser 

*Reprted with tiie- pranmsMcm of ® MU1!(^»Kq^ 
Corporation 1982 



may prefer to go with an in-house design. Not without 
some precautions, however. 

It's easy to design oscillators that work. Almost all of 
them do work, even if the designer isn't too clear on 
why. The key point here is that almost all of them work. 
Tbe problems begin when the system goes into produc- 
tion, and marginal units commence malfunctioning in 
the field. Most digital designers, after all, ate not very 
adept at designing oscillators for production. 

Oscillator design is somewhat of a black art, with the 
quahty of the finished product being very dependent on 
the designer's experience and intuition. For that reason 
the most important consideration in any design is to have 
an adequate preproduction test program. Preproduction 
tests are discussed later in this Application Kfote. HeiB 
we will discuss some of the design options and take a 
look at seme canuDoniy used -configucations. 
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Digital systems designers are understandably reluctant 
to get involved with discrete devices and their peculiari- 
ties (biasing techniques, etc.). Besides, the component 
count for these circuits tends to be quite a bit higher 
than what a digital designer is used to seeing for that 
amount of functionality. Nevertheless, if there are un- 
usual requirements on the accuracy and stability of the 
clock frequency, it should be noted that discrete device 
oscillators can be tailored to suit the exact needs of the 
application and perfected to a level that would be dif- 
ficult for a ^te oscillator to approach. 

In most cases, when an external oscillator is needed, tte 
designer tends to rely on some form of a gate oscillator. 
A TTL inverter with a resistor connecting the ouq)Ut to 
the input makes a suitable inverting amplifier. The re- 
sistor holds tfie inverts in the transition region between 
logical high and low, so that at least for stait-up purposes 
the inverter is a linear amplifier. 

The feedback resistance has to be quite low, however, 
since it must conduct current sourced by the input pin 
without allowing the DC input voltage to get too far 
above the DC output voltage. For biasing purposes, the 
feedback resistance should not exceed a few k-ohms. 




OUTPUT 



'CI J- 



A) TTL OSpiMJIiTOR 



IMn 

— W\r- 




HDI- 



74004 




OUTPUT 



(SeVERAL kO) 



B) CMOS OSCILLATOR 



Pisure 11 €iimmonly U«ad @9ellMors 



But shunting the crystal with such A low resistance does 
not encourage start-up. 

Consequently, the configuration in Figure UA might be 
suggested. By breaking Rf into two parts and AC- 
grounding the midpoint, one achieves the DC feedback 
required to hold the inverter in its active region, but 
wifliont the negative signal feedback that is in effect 
telling the circuit not to oscillate. However, this biasing 
scheme will increase the start-up time, and relaxation- 
type oscillations are also possible. 

A CMOS inverter, such as the 74HC04, might work 
better in this application, since a larger Rf can be used 
to hold the inverter in its linear region. 

Logic gates tend to have a fairly low output resistance, 
which destabilizes flie oscillator. For that reason a re- 
sistor Rx is often added to die feedback network, as 
^own in Figure 11 A and B. At higher frequencies a 
M or 30 pP capicitor is som^imes used in the Rx 
position, to compensate fm some of tte intenuil prop- 
agation delay. 

Reference 1 contains an excellent discussion of gate 
oscillators, and a number of design examples. 

Fundamental versus Overtone Operation 

It's easier to design an oscillator circuit to operate in the 
resonator's fundamental response mode than to design 
one for overtone operation. A quartz crystal whose fun- 
damental response mode covers the desired frequency 
can be obtained up to some 30 MHz. For frequencies 
above that, the crystal might be used in an overtone 
mode. 

Several problems arise in the design of an overtone 
oscillator. One is to stop the circuit from oscillating in 
the fundamental mode, which is what it would really 
rather do, for a number of reasons, involving both the 
amplifying device and the crystal. An additional prob- 
lem with overtone operation is an increased tendency 
to spurious oscillations. That is because the R, of various 
spurious modes is likely to be about the same as R, of 
the intended overtone response. It may be necessary, as 
suggested in reference 1, to specify a "spurious-to- 
main-response" resistance ratio to avoid the possibility 
ml tmMe. 

OvertCHie oscillators are not to be taken lightly. One 
would be well advised to consult wifli an engineer who 
is knowledgeable in lb» ]Hib|ect during the design phase 
of such a circuit. 

Series versus Parallel Operation 

Series resonant oscillators use noninverting amplifiers. 
To make a noninverting amplifier out of logic gates 
requires that two invraters be used, as shdwn in Figtre 
12. 

This t^e of circuit tends to be iBm^aaUB ami unstable 
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in fiequeocy over variations in temperature and VCC. 
It has a tendency to oscillate at overtones, and to oscillate 



tirough LJ(j ot the crysta or some stray capacitance rather 
than as controlled by the mechanical resonance of the 
crystal. 

The demon in series resonant oscillators is the phase 
shift in the amplifier. The series resonant oscillator wants 
more than just a "noninverting" amplifier — it wants 
a zero phase-sMft amplifier. Multistage noninverting 
amplifiers tend to have a considerably lagging phase 
shift, such that the crystal reactance must be capacitive 
in {Hda" to bring the total phase shift around the feedback 
loop back up to 0. In this mode, a "12 MHz" crystal 
may be running at 8 or 9 MHz. One can put a capacitor 
in series with the crystal to relieve the crystal of having 
to produce all of the required phase shift, and bring the 
oscillation frequency closer to fs. However, to further 
complicate the situation, the amplifier's phase shift is 
strongly dependent on frequency, temperature, VCC, 
and device sainple. 




Figure 12 — "Series Resonant" 
Gate Oscillator 



Positive reactance oscillators ("parallel resonant") use 
inverting amplifiers. A single logic inverter can be used 
for the amplifier, as in Figure 1 1 . The amplifier's phase 
shift is less critical, compared to the series resonant 
circuit, and since only one inverter is involved there's 
less phase error anyway. The oscillation frequency is 
effectively bounded by the resonant and antiresonant 
frequencies of the crystal itself. In addition, the feedback 
network includes capacitors that parallel the input and 
output terminals of the amplifier, thus reducing the effect 
of unpredictable capacitances at these points. 

MORE ABOUT USING THE "ON-CHIP" 
OSCIiXATORS 

In this section we will describe the on-chip inverters on 
selected microcontrollers in some detail, and discuss 
criteria for selecting components to work vtdth them. 
Puinre data sheets will supplement this discussion with 
updates and information pertinent to the use of each 
chq>'s osdlialar coci^iy. 



sci ator design, tkough aided by theory, is still largely 
an empirical exercise. The circuit is inherently nonlin- 
ear, and the normal analysis parameters vary with in- 
stantaneous voltage. In addition, when dealing with the 
on-chip circuitry, we have FETs being used as resistors, 
resistors being used as interconnects, distributed delays, 
input protection devices, parasitic junctions, and ixo- 
cessing variations. 

Consequentiy, oscillatcn- calculations are never very pre- 
cise. Tliey can be useftil, however, if they will at least 
indicate the effects of variations in tiie circuit parameters 
on start-up time, oscillation frequency, and steady-state 
amplitude. Start-up time, for example, can be taken as 
an mdicatimi of start-up reliability. If preproduction tests 
indicate a possible stait-i^ problem, a relatively inex- 
perienced designer can at l^t be made aware of what 



VCC< 



XTAL1 



XTAL2 



A) 8051-type dreult 
configuration during 
•lart-up. (Excludes 
Input praiwtlon dsvlcm.) 




^ I 

B)AC-w|uli«IHtteif(A> 



Figure 13 — Oscillator Circuit Model 
Usad Ml Start-Up Caloulailena 
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parameter may be causing UtOi mie^Mty, mi vAat 
direction to go in to fix it. 

The analysis used here is mathematically straightforward 
•but algebraically intractable. That means it's relatively 
easy to understand and program into a computer, but it 
will not yield a neat formula that gives, say, steady-state 
amplitude as a function of this or that list of parameters. 
A listing of a BASIC program that implements the imal- 
ysis ^ ftmrt fti AppetWlx it. " 

When the circuit is first powered up, and before the 
oscillations have commenced (and if the oscillations/aiV 
to commence), the oscillator can be treated as a small 
signal linear amplifier with feedback. In that case, stan- 
dard small-signal analysis techniques can be used to 
determine start-up characteristics. The circuit model 
used in this analysis is shown in Figure 13. 

The circuit approximates that there are no high- 
frequency effects within the amplifier itself, such that 
its high-frequency behavior is dominated by the load 
impedance Z^. This is a reasonable approximation for 
single-stage amplifiers of the type used in 8051-type 
devices. Then the gain of the amplifier as a futtclion of 
frequency is 

A„Z| 



The gain of the feedback fietMnk i% 

B =^ — ^ 
Zi -t- Zf 



And the loop gain is 
PA = 



AvZl 



Zj + Zi, + Ro 



Zl + Ro 



Tte oiqiietaeei Zf, wi ^ am Uaed fai Rgure 
13B. 

Figure 14 shows the way the loop gain thus calculated 
(using typical 8051-type parameters and a 4.608 MHz 
crystal) varies with frequency. The frequency of interest 
is the one for which the phase of the loop gain is zero. 
The accepted criterion for start-up is that the magnitude 
of the loop gain must exceed unity at this frequency. 
This is the frequency at which the circuit is in resonance. 
It corresponds very closely with the antiresonant fre- 
quency of the motional ma of the crystal in parallel 
with Cl- 

Figure 15 shows the way the loop gain varies with fre- 
quency when the parameters of a 3.58MHz ceramic 
resonator are used in place of a crystal (the amplifier 
parameters being typical 8051, as in Figure 14). Note 
the different frequency scales. 



PHASE 



4.607 



MAGNITUDE 




F, MHz 




4.606 



4.607 4.608 



100°. 


PHASE 




50°. 






0°- 


\ 3.58 


F, MHz 




1 1 1 1 >v 1 — 

3JS* 3.58 


— 1 — — 1 

3.80^ 


-50°- 






20- 


MAGNITUDE 




1S- 






10- 






5- 












■ 


3.53 3.55 3.57 


3-59 F, MHz 



Figure 14 — Loop Gain versus Frequency 



Figure 15 — Loop Gain versus Frequency 

(3.5«HHt^GeMilc) 
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Start-Up Characteristics 




the behavior of the closed loop gain as a function of 
complex frequency s = a+ji»; specifically, to deter- 
mine the location of its poles in the complex plane. A 
pole is a point on the complex plane where the gain 
function goes to infinity. Knowledge of its location can 
be used |D gee^iet the response of the system to an input 
disturbance. 

The way that the response function depends on the lo- 
cation of the poles is shown in Figure 16. Poles in the 
left half plane cause the response function to take the 
form of a damped sinusoid. Poles in the right half plane 
cause the response function to take the form of an ex- 
ponentially growing sinusoid. In general, 
v(t) ~e«sin(ft)t+e) 

vMete a is ^ real pmt ef the pole frequency. Thus if 
pofe i% in the right Half plane, a is positive and the 
sinusoid grows. If the pole is in the left half plane, 
a is negative and the sinusoid is damped. 

The same type of analysis can usefully be applied to 
oscillators. In this case, however, rather than trying to 
ensure that the poles are in the left half plane, we would 
seek to ensure that they're in the right half plane. An 




a)KitMtn«ialatHMlfplaiw3f(t)~e-«<sln(iat + 0) 




b} Pote» In tha r^M'IWlf plaiw; m " stn |ut + g) 



1" 




c) on aw ^'ild|{t:;((t) ~ tin (art 4 4 



Figure 16 — Do You Know Where Your Poles 



exponentially growing sinusoid is exactly what is wanted 
fitnn an oscillator that has just been powered up. 



The gain function of interest in oscillators is 1/(1 — PA). 
Its poles are at the complex frequencies where pA = 
1 /0°, because that value of pA causes the gain function 
to go to infinity. The oscillator will start up if the real 
part of the pole frequency is positive. More importantly, 
the rate at which it starts up is indicated by how much 
ge&ilm tbaii (he test faiX <M^,piMimi«eBSy m, . 



Ts, MILLISECONDS 

.5.. 




.1 ■• 

Ox, pF 



10 30 50 70 90 110 




Figure 17 — Oscillator Stpirt-Up (4.608 MHz 

Gr^uit tmnW^n^m^^'i^ifSliBA Corp.) 
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The cncttit in Figoie 13B icmla* wed to find the pole 
fieqnaides (rf the oscillmw gain ftinction. All that needs 
to be done is evaluate the impedances at complex fre- 
qiieocies a+ju) rather than just at ci>, and find ihe value 
of a+j<i> for which = 1 /0°. The lai^er that value 
of a is, the faster the oscillator will start up. 

Of course, other things besides pole frequencies, things 
like the VCC rise time, are at worlc in determining the 
start-up time. But to the extrait that the pole frequencies 



Ts, MSEC 

50 ■■ 




I I I I 1 I I 

40 60 80 100 120 140 160 




Cx = 140pF 



Figure 18 — Oscillator Start-Up (3.58 IMHz 
ter«aile> fHiaooator lrw» NIK le^mleBl Cfisiimiics.) 



do affect start-up time, we can obtain results like those 
in Figures 17 and 18. 

To obtain these figures, the pole frequencies were com- 
puted for various values of capacitance Cx from XTALl 
and XTALl to ground (thus Cyi = C^i = C^). Then 
a "time constant" for start-up was calculated as 

= — where a is the teal part of the pole frequency 

(rad/sec), and this time constant is plotted vmus Cx- 

A short time constant means faster start-up. A long time 
constant means slow start-up. Observations of actual 
start-ups are shown in the figures. Figure 17 is for a 
typical 8051 with a 4.608 MHz crystal supplied by 
Standard Crystal Corp., and Figure 18 is for a typical 
80S1 with a 3.S8MHz ceramic resonator supplied by 
NTK Technical Ceramics, Ltd. 

It can be seen in Figure 17 that, for this crystal, values 
of Cx between 30 and 50 pF minimize start-up time, but 
that the exact value in tliis range is not particularly 
uqxntant, even H die start-up time itself is critical. 

As previously mentioned, start-up time can be taken as 
an indication of start-up reliability. Start-up problems 
are nonnally associated with Cxi and Cx2 being too 
small or too large for a given resonator. If the parameters 
of the resonator ate known, curves such as in Figure 17 
or 18 can be generated to define acceptable ranges of 
values for these capacitors. 

As the oscillations grow in amplitude, they reach a level 
at which they undergo severe clipping within the ampli- 
fier, in effect reducing the amplifier gain. As the ampli- 
fier gain decreases, the poles move towards the jco axis. 
In steady-state, the poles are on the Joo axis and the 
amplitude of the oscillations is ccmstant. 

Steady-^tate Characteristics 

Steady-state analysis is greatly complicated by the fact 
that we are dealing with large signals and nonlinear 
circuit response. The circuit parameters vary with in- 
stantaneous voltage, and a number of clamping and clip- 
ping mechanisms come into play. Analyses that take all 
these things into account are too complicated to be of 
g^etal use, and analyses that don't take them into ac- 
cdtint aie too inaccurate to justify the ^Sort. 

7heie|s».^^y-state analysis in Appendix 11 that takes 
srane of the complications into account and ignores oth- 
ers. Figure 19 shows the way the steady-state amplitudes 
thus calculated (using tpical 805 1 parameters and a 
4.608 MHz crystal) vary with equal bulk capacitance 
placed from XTALl and XTAL2 to ground. Experi- 
mrantal results are shown for comparison. 

The waveform at XTALl is a fairly clean sinusoid. Its 
negative peak is normally somewhat below zero, at a 
level which is determined mainly by the input protection 
citctutty St XfALl . 
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VOLTS 



VIH at XTAL1 
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^VILatXTALI 
^ SIgiHl Iml* at XTAL1 
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Q Signal lanala at XTAL2 



The clanqrii^ acdoa does, lioii»ever, raise the DC level 
at XTALl , which in tuin tends to reduce the positive 



Figure 19 — Calculated and Experimental 
Steady-State Amplitudes vs. Bulk Capacitance 
from XTALl and XTAL2 to ground. 

The input protection circuitry consists of an ohmic re- 
sistor and an enhancement-mode FET with the gate and 
source connected to ground (VSS), as shown in Figure 
20 for the 8051, and in Figure 21 for the 8048. Its 
function is to limit the positive voltage at the gate of 
the input FET to the avalanche voltage of the drain 
juncticm. If the input pin is driven below VSS , the drain 
and source of the protection FET interchange roles, so 
its gate is connected to what is now the drain. In this 
condition the device resembles a diode with the anode 
connected to VSS. 

There is a parasitic pn junction between the ohmic re- 
sistor and the substrate. In the ROM parts (8051 , 8048, 
etc.) the substrate is held at approximately — 3V by the 
on-chip bacic-bias generator. In the EPROM parts (8751, 
8748, etc.) the substrate is connected to VSS. 

The effect of the input protection circuitry on the os- 
cillator is that if the XTALl signal goes negative, its 
negative peak is clamped to — Vq^ of the protection 
FET in the ROM parts, and to about -.5V in the 
EPROM parts. These negative voltages on XTALl are 
in this application self-limiting and nondraliuctive. 



|i6ak at JilAL^. The waveform at H'l'ALl resembles a 
sinusoid riding on a E)C level, and viliose negiOive peidcs 
are clipped off at zero. 

Since it's normally the XTAL2 signal that drives the 
internal clocking circuitry, the question naturally arises 
as to how large this signal must be to reliably do its job. 
In fact, the XTAL2 signal doesn't have to meet the same 
VIH and VIL specifications that an external driver would 
have to. That's because as long as the oscillator is work- 
ing, the on-chip ampUfier is driving itself through its 
own 0-to-l transition region, which is very nearly the 
same as the 0-to- 1 transition region in the internal buffer 
that follows the oscillator. If some processing variations 
move the transition level higher or lower, the on-chip 
amplifier tends to compensate for it by the fact that its 
own transition level is correspondingly higher or lower. 
(In the 8096, it's the XTALl signal that drives the in- 
ternal clocking circuitry, but die same concept applies.) 

The main concern about the XTAL2 signal amplitude 
is as an indication of the general health of the oscillator. 
An amplitude of less than about 2.5V peak-to-peak in- 
dicates that start-up problems could develop in some 
units (with low gain) with some crystals (with high R,). 
The remedy is to either adjust the values of Cxi and/or 
Cx2 or use a crystal with a lower R,. 

The amplitudes at XTALl and XTAL2 can be adjusted 
by changing the ratio of the capacitors from XTALl and 
XTAL2 to ground. Increasing the XTAL2 capacitance, 
for example, decreases the amplitude at XTAL2 and 
increases the amplitude at XTALl by about the same 
amount. DecKKising both caps increases both amplitudes. 



Pin Capacitance 

Internal pin-to-ground and pin-to-pin capacitances at 
XTALl and XTAL2 will have some effect on the os- 
cillator. These capacitances are normally taken to be in 
the range of 5 to 10 pF, but they are extremely difficult 
to evaluate. Any measurement of one such capacitance 
will necessarily include effects from the others. One 
advantage of the positive reactance oscillator is that the 
pin-to-ground capacitances are paralleled by external 
bulk capacitors, so a precise determination of their value 
is unnecessary. We would suggest that there is little 
justification for more precision than to assign them a 
value of 7 pF (XTALl -to-ground and XTALl -to-XTAL2). 
This value is probably not in error by more than 3 or 
4 pR 

The XTAL2-to-ground capacitance is not entirely "pin 
capacitmice," but mote like an "equivalent output ca- 
pacitance" of some 25 to 30 pF, having to include the 
effect of internal phase delays. This value will vary to 
semS'tXttBt nrib teuitietatuiis, pmeesas^, and frequency. 
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MC§»-51 O^HMtor 

The on-chip amplifier on the HMOS MCS-51 family is 
shown in Figure 20. The drain load and feedback 
"resistors" are seen to be field-effect transistors. The 
drain load FET, R^, is typically equivalent to about Ik 
to 3k-ohms. As an amplifier, the low frequency voltage 
gain is normally between — 10 and — 20, and the output 
resistance is effectively Rp. 

The 8051 oscillator is normally used with equal bulk 
capacitors placed externally from XTALl to ground and 
from XTAL2 to ground. To determine a reasonable value 
of capacitance to use in these positions, given a crystal 
or ceramic resonator of known parameters, one can use 
the BASIC analysis in Appendix II to generate curves 
such as in Figures 17 and 18. This procedure will define 
a range of values that will minimize start-up time. We 
don't suggest that smaller values be used than those 
which minimize start-up time. Larger values than those 
can be used in applications where increased frequency 
Stability is (fesiied, at some sacilSle in stait-ttp tiine. 
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Figure 20 — MCS®-51 Oscillator Amplifier 

Standard Crystal Corp. (reference 8) studied the use of 
their crystals with the MCS-5 1 family using skew sam- 
ples supplied by Intel. They suggest putting 30 pF 
capacitors from XTALl and XTAL2 to ground, if the 
crystal is specified as described in reference 8. They 
noted that in that configuration and with crystals thus 
specified, the frequency accuracy was ±0.01% and the 
frequency stability was ±0.005%, and that a frequency 
accuracy of ± 0.005% could be obtained by substituting 
a 25 pF fixed cap in parallel with a 5-20 pF trimmer for 
one of the 30 pF caps. 

MCS-51 skew samples have also been supplied to a 
niunber of ceramic resonator manufacturers for char- 
acterization with their products. These companies should 
be emUi^eS tm ai^lication iafiE»aa&Hi cm their pod- 



uets. In general, however, ceramics tend to want some- 
Ivhat larger values for C^] and Cx2 than quartz crystals 
do. As stows in Figore 18, they start up a lot faster that 
way. 

In some applications the actual frequency tolerance re- 
quired is only 1% or so, the user being concerned mainly 
that the circuit will oscillate. In that case, Cxi ^X2 
can be selected rather freely in the range of 20 to SO pF. 

As you can see, "best" values for these components 
and their tolerances are strongly dependent on the 
application and its requirements. In any case, their 
suitability should be verified by environmental testing 
before desi^ is submitted to produetion. 

MCS«>-48 l^scsillator 

The NMOS and HMOS MCS-48 oscillator is shown in 
Figure 21. It differs from the 8051 in that its inverting 
ampM^ is a Schmitt Trigger. This ConflgiiratuM was 
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Flgiure 21 — MCS*'48 Oscillator Ampltfier 

chosen to prevent crosstalk from the TO pin, which is 
adjacent to the XTALl pin. 

All Schmitt Trigger circuits exhibit a hysteresis effect, 
as shown in Figure 22. The hysteresis is what makes 
it less sensitive to noise. The same hysteresis allows any 
Schmitt Trigger to be used as a relaxation oscillator. All 
you have to do is connect a resistor from output to input, 
and a capacitor from input to ground, and the citcuit 
oscillates in a relaxation mode as follows. 

If the Siteiitt Trigger output is at a lo^c high, the 
capacitor conunences charging through the feedback 
resistor. When the capacitor voltage reaches &e upp^ 
tri^er T/mst (UTP), the Sebntitt Trigger output switches 
to a togic low and the capacitor commences di«@ha^png 
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One method that has ptov^ ^s^^sttw ia M uoits to 
-40 C is to put 5 pF Cfom XTALl to ground and 20 



Figure 122 — Schmitt Trlg^w > ' 
Characteristic 

through the same resistor. When the capacitor voltage 
reaches the lower trigger point (LTP) , the Schmitt Trig- 
ger output switches to a logic high again, and the se- 
quence repeats. The oscillation frequency is determined 
by the RC time constant and the hysteresis voltage, 
UTP-LTP. 

The KMS caa oscillate in this mode. It has an internal 
feedback resistor. All that's needed is an external ca- 
pacitor from XTALl to giDimd. In fact, if a smaller 
external feedback resistor is added, an 8048 system 
could be designed to run in this mode. Do it at your 
own risk! This mode of operation is not tested, specified, 
documented, or encouraged in any way by Intel for the 
8048. Future steppings of the device might have a dif- 
ferrat type of inverting amplifier (one more like the 
8051). The CHMOS members of the MCS-48 family 
do not use a Schmitt Trigger as the inverting amplifier. 

Relaxation oscillations in the 8048 must be avoided, and 
this is the major objective in selecting the off-chip com- 
ponents needed to complete the oscillator circuit. 

When an 8048 is powered up, if VCC has a short rise 
time, the relaxation mode starts first. The frequency is 
normally about SOkHz. The resonator mode builds more 
slowly, but it eventually takes over and dominates the 
operation of the circuit. This is Shown in Figure 23A. 

Due to processing variations, some units seem to have 
a harder time coming out of the relaxation mode, par- 
ticularly at low temperatures. In some cases the reso- 
nator oscillations may fail entirely, and leave the device 
in the relaxation mode. Most units will stick in the 
relaxation mode at any temperature if Cxi larger than 
about 50 pF. Therefore, Cxi should be chosen with some 
care, particularly if the system must operate at lower 



pt trom AlALZ to ground. Unfortunate y. whi e this 
method does discourage the relaxation mode, it is not 
an optimal choice for the resonator mode. For one thing, 
it does not swamp the pin capacitance. Also, it makes 
for a rather high signal level at XTALl (8 or 9 volts 

The question arises as to whether that level of signal at 
XTALl might dmnage the chip. Not to worry. The neg- 
ative peaks are self-limiting and nondestructive. The 
positive peaks could conceivably damage the oxide, but 
in fact, NMOS chips (eg, 8048) and HMOS chips (eg, 
8048H) are tested to a much higher voltage than that. 
The technology trend, of course, is to thinner ojate, 
as the devices shrink in siise. For an extra margin gil 
iifety, theHMQS II c^q>s (eg» g048AH) havem Io^mI 
diio& ctaip at XTALl to VCX:. 

In reality, Cxi doesn't have to be quite so small to avoid 
relaxation oscillations, if the minimum operating tem- 
perature is not — 40 C. For less severe temperature re- 
quirements, values of capacitance selected in much the 
same way as for an 8051 can be used. The circuit should 
be tested, however, at the system's lowest temperature 
limit. 

Additional sectirity against relaxation oscillations can 
be obtained by putting a IM-ohm (or larger) resistor 
from XTALl to VCC. Pulling up the XTALl pin this 
way seems to discourage relaxation oscillations as ef- 
fectively as any other method (Figure 23B). 

Another thing that discourages relaxation oscillations is 
low VCC. The resonator mode, on the other hand, is 
much less sensitive to VCC. Thus if VCC comes up 
relatively slowly (several milliseconds rise time), the 
resonator mode is normally up and running before the 
relaxation mode starts (in fact, before VCC has even 
reached operating specs). This is shown in Figure 23C. 

A secondary effect of flie hysteresis is a shift in the 
oscillation frequency. At low frequencies, the output 
signal from an inverter without hysteresis leads (or lags) 
the input by 180 degrees. The hysteresis in a Schmitt 
Trigger, however, causes the output to lead the input by 
less than 180 degrees (or lag by more than 180 degrees), 
by an amount that depends on the signal amplitude, as 
shown in Figure 24. At higher frequencies, there are 
additional phase shifts due to the various reactances in 
the circuit, but the phase shift due to the hysteresis is 
still present. Since the total phase shift in the oscillator's 
loop gain is necessarily or 360 degrees, it is apparent 
that as the oscillations build up, the frequency has to 
change to allow the reactances to compensate for the 
hysteresis. In normal operation, this additional phase 
shift due to hysteresis does not exceed a few degrees, 
and the resulting frequency ishifr is ttegligible. 

Ky0em^m.smia^mmm!^am^^emm, studied the 
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use of some of their resonators (at 6.0MHz, 8.0MHz, 
and ll.OMHz) with the 8049H. Their conclusion as to 
the value of capacitance to use at XTALl and XT.4L2 
was that 33 pF is appropriate at all three frequencies. 
One silouid probably follow As mmmfsmtam's cec- 



ommendations in fltis jHttet, slace ftey Vlt £ti!Mite» 
operation. 

Whether one should accept these recommendations and 
guarantees without farther testing is, however, another 
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A) Inverter without hysteresis: output 
input by 180*. 




B) Inverter with hysteresis: output leads 
Input by less than 180°. 



Rpire 24 — Amplitude — Dependent Phase 
Shift In Schmitt Trigger 



matter. Not all users have found the recommendations 
to be without occasional problems. If you run into dif- 
ficulties using their recommendations, both Intel and the 
ceramic resonator manufacturer want to know about it. 
It is to their interest, and ours, that such pcoblems be 
resolved. 

Preproduction Tests 

An oscillator design should never be considered ready 
for production until it has proven its ability to function 
acceptably well tmder worst-case environmental con- 
ditions and with parameters at their worst-case tolerance 
limits. Unexpected temperature effects in parts that may 
already be near their tolerance limits can prevent start- 
up of an oscillator that works perfectly well on the 
bench. For example, designers often overlook temper- 
ature effects in ceramic capacitors. (Some ceramics are 
down to S0% of their room-temperature values at — 20° 
C aod +60^ C.) The problem hae^ .i^'lifi^isae of 
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frequency stability, but also involves start-up time and 
steady-state amplitude. There may also be temperature 
efiects ia Ite lesomttor and aiiq)liiBer. 

It will be helpfiil to build a test jig that wUI allow the 
oscillator drcoit to be tested independently of the rest 
of the system. Both stait-up and steady-state character- 
istics should be tested. Hgure 25 shows the dicuit diat 
was used to obtain the oscillator start-up photographs 
in this .^^lication Note. This circuit or a modified ver- 
sion of it would make a convenirait test v^cle. The 
oscillator and its relevant componoits can be physically 
separated fiom the control drcuitiy, and placed in a 
temperature chamber. 

Start-up should be observed under a variety of condi- 
tions, including low VCC and using slow and fast VCC 
rise times. The oscillator should not be reluctant to start 
up even when VCC is below its spec value for the rest 
of the chip. (The rest of the chip may not function, but 
the oscillator should work.) It should also be verified 
that start-up occurs when the resonator has more than 
its upper tolerance limit of series resistance. (Put some 
resistance in series with the resonator for this test.) The 
bulk capacitors from XTALl and XTAL2 to ground 
should also he varied to their tolerance limits. 

The same circuit, with sq>ptopriate chmges in the soft- 
ware to lengthen the "on" time, can be used to test the 
steady-state characteristics of the oscillator, specifically 
the firequency, frequency stability, and amplitudes at 

XTALl and XTAL2. 

As previously noted, the voltage swings at these pins 
are not critical, but they should be checked at the sys- 
tem's temperature limits to ensure that they are in good 
health. Observing these signals necessarily changes 
them somewhat. Observing the signal at XTAL2 requires 
that the capacixor at that pin be reduced to accoimt for 



+12V 




-5V 



Figure 26 — MOSFET Buffer for 
Observing Oscillator Signals 



the oscilloscope probe capacitance. Observing the signal 
at XTALl requires the same consideration, plus a block- 
ing capacitor (switch the oscilloscope input to AC), so 
as to not disturb the DC level at that pin. Alternatively, 
a MOSFET buffer such as the one shown in Figure 26 
can be used. It should be verified by direct measurement 
that the ground clip on the scope probe is ohmically 
connected to the scope chassis (probes are incredibly 
fragile in this respect), and the observations should be 
made with the ground clip on the VSS pin, or very close 
to it. If the probe shield isn't opoationd and in use, the 
observations are worthless. 

Frequency checks should be made with only the oscil- 
lator circuitry connected to XTALl and XTAL2. The 
ALE frequency can be coimted, and the oscillator fre- 
quency derived from that. In systems where the fre- 
quency tolerance is only "nominal," the frequency 
should still be checked to ascertain that the oscillator 
isn't running in a spurious resonance or relaxation mode. 
Switching VCC off and on again repeatedly will help 
reveal a tendency to go into unwanted modes of 
oscillation. 

The operation of the oscillator should then be verified 
under actual system running conditions. By this stage 
one will be able to have some confidence that the basic 
selection of components for the oscillator itself is suit- 
able, so if the oscillator appears to malfunction in the 
system the fault is not in the selection of these 
components. 



Troubleshooting Oscillator Problems 

The first thing to consider in case of difficulty is that 
between the test jig and the actual application there may 
be significant differences in stray capacitances, partic- 
ulariy if the actnd ai^eatton is cm a multi-layer board. 

Noise glitches, that aren't present in the test jig but are 
in the application board, are another possibility. Capac- 
itive coupling between the oscillator circuitry and other 
signals has already been mentioned as a source of mis- 
counts in the internal clocking circuitry. Inductive cou- 
pling is also possible, if there are strong currents nearby. 
These problems are a function of the PCB layout. 

Surrounding the oscillator components with "quiet" 
traces (VCC and ground, for example) will alleviate 
capacitive coupling to signals that have fast transition 
times. To minimize inductive coupling, the PCB layout 
should minimize the areas of the loops formed by the 
oscillator components. These are the loops that should 
be checked: 

XTALl through the resonator to XTAL2; 
XTALl through CXI to the VSS pin; 
XTAL2 through CX2 to the VSS pin. 
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It is not unusual to find that the grounded ends of C^, 
and Cx7 eventually connect up to the VSS pin only after 



looping around the farthest ends of the board. Not good. 



Finally, it should not be avettoekei that software prob- 
lems sometimes imitate the symptoms of a slow-staiting 



oscillator or incorrect frequency. Never underestimate 
the p^tvoaty ^ a softwaie protriem. 
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PRAMIP RFQnKi 




.u 



R P 




Based on the equivalent circuit of the crystal, the inqied- 
: of the crystal is 



(Ri+jtt>Li + l/jtt)C,)(l/ja)Co) 
R, + j<i)L, + l/j(oC, + 1/juCo 



After some algebraic manipulirtion, tisis calculation can 
be written in the fonn 



1 



1 - ca'LiCi + jtuRiCi 



j<o(C, + Co) 1 - <o2L,Cr + j'aRiCr 
where Cp is the capacitance of C, in series with Q: 



CiCft 



The impedance of the crystal in parallel wifli m extemal 
load capacitance Cg^ is ilie same expiessian, but witfi 
Ce+Ci, substituted for Cg: 



^XTA 



1 



1 - (o'L|Ci +ju)R|C| 
jio(C, +Co + Cl) 1 -u^L|C; + ja)R|CT 

where CJ- is the capacitance of C, in series with 
(Co+Ci): 



Ci + Co + Cl 



The inqpedance of die oystal in series widi the load 
capacitance is 

_ + Ci+Cq I - M^LiCj+jcoRiCf 
jioCL(C, + Co) 1 - a)2L,Cx+j(>)RiCx 

where and C| are as defined above. 

The phase angles of these impedances are readily ob- 
tained &om the impedance expressions themselves: 



©XTAL — arctan 



-aictan 



1 - <i»^,C, 
<i)R|Cj 



1 - <i)2L,Ct 



IT 

2 



_ (i>R|C| 
*<!crAL||CL = arctan— - 



ci)R|Ct 2^ 



1 - loH^iC^ 



= arctan 



— arctan 



1 - (o^LjCf 

(oRjCj 



1 - (o^LjCt 2 



The resonant ("series resonant") frequency is the fre- 
quency at which the phase angle is zero and the imped- 
ance is low. The antiresonant ("parallel resonant") fre- 
quency is die frequency at which the phase angle is zem 
and the impedance is high. 

Each of the above 6-expressions contains two arctan 
functions. Setting the denominator of the argument of 
the first arctan fiinction to zero gives (approximately) 
the "series resonant" frequency for that configuration. 
Setting the denominator of the argument of the second 
arctan function to zero gives (approximately) the "par- 
allel lescmant" frequency for diat configuraticm. 

For example , the resonant frequency of the crystal is die 
fr^uegcy at which 

I - lo^LjCi = 
This, ' (0, = ' 



f. = 



It will be noted that the series rescmant frequency of die 
"XTAL-I-CL" configuration (crystal in sales wddi CL) 
is the same as die parallel restnant frequency of die 
"XTAL II CL" configuration (crystal in parcel with 
Ci). This is the frequency at which 



Thus, 



1 - lo^LiC; = 
1 



This fact is used by crystal manu&c&uers in die process 
of calibrating a crystal to a specified load capacitance. 

By subtracting the resonant frequency of the crystal from 
its antiresonant frequency, one can calculate the range 
of frequencies aver which Ae cfystal leactmce is 
positive: 



f. - f. = f, (VI + Ci/Co - 1) 
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Given typical values for Cj and Cg, this range can l»irdly 
exceed 0.5% of fs. Unless the inverting amplifier in the 
positive reactance oscillator is doing something very 
strange indeed, the oscillation frequency is bound to be 
accurate to that percentage whether the crystal was cal- 
ibrated for series (q)aati(ni (a to any unspecified load 
oqwcitance. 

Equfwdent Series Reslstanee 

ESR is the real part of Zxjal ^' 'he oscillation frequency. 
The oscillation frequency is the parallel resonant fre- 
quency of the "XTAL || CL" configuration (which is 
the same as the series resonant frequency of the 
"XTAL-hCL" configuration). Substituting this fre- 
quency into the 2^^^, expression yields, after some 
a^jdivaic liBBiiimlatipn, 



ESR 



... {^y 



1 -I- wK:? 



= R,(i 



Drive Level 

The power dissipated by the crystal is IfRi, where 1, is 
the RMS current in the motional arm of the crystal. This 
current is given by Vj/|Z,| , where is the RMS voltage 
across the crystal, and {Z,{ is the magnitude of the imped- 
ance of the motional arm. At the oscillation frequency, 
the motional arm is a positive (inductive) reactance in 
parallel resonance with (Cq-i-Cl). Therefore [Zj is ap- 
proximately equal to the magnitude of the reactance of 
(Co+CJ: J 

" 2irf(Co+CL) 
where f is the oscillation frequency. Then, 

,2 



= [ZirfitCo-hCyVJ*, 



The waveform of the voltage across the crystal (XTALl 
to XTAL2) is approximately sinusoidal. If its peak value 
is VCC, thai V, is VCaV2. ThMcfiro, 



P = 2R,I'»«(Co+Q.)Vod* 
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APPENDIX II 




LLA 




ANALY 




AM 



The program is written in BASIC. BASIC is excru- 
ciatingly slow, but it has some advantages. For one 
thing, more people know BASIC than FORTRAN. In 
addition, a BASIC program is easy to develop, modify, 
and "fiddle around" with. Another important advantage 
is that a BASIC program can run on practically any 
small computer system. 

Its slowness is a problem, however. For example, the 
routine which calculates ttie "start-19 time constant" 
discussed in the text may take several hours to complete. 
A person who finds this program useful may prefor to 
convert it to FORTRAN, if the facilities are available. 



Limitations of the Program 

The program was developed with specific reference to 
8051-type oscillator circuitry. That means the on-chip 
amplifier is a simple inverter, and not a Schmitt Trigger. 
The 8096, the 80C5I, the 80C48 and 80C49 all have 
simple inverters. The 8096 oscillator is almost identical 
to the 8051, differing mainly in the input protection 
circuitry. The CHMOS amplifiers have somewhat dif- 
ferent parameters (higher gain, for example), and 
ferent transition levels than the 805 1 . 

The MCS-48 family is specifically included in the pro- 
gram only to the extent that the input-output curve used 
in the steady-state analysis is that of a Schmitt Trigger, 
if the user identifies the device under analysis as an 
MCS-48 device. The analysis does not include the volt- 
age dependent phase shift of the Schmitt Trigger. 

The clamping action of the input protection circuitry is 
important in determining the steady-state amplitudes. 
The steady-state routine accounts for it by setting the 
negative peak of the XTALl signal at a level which 
depends on the amplitude of the XTALl signal in ac- 
ctndance with experimental observations. It's an exer- 
cise in curve-fitting. A user may find a different type 
of curve works better. Later steppings of the chips may 
behave differently in this respect, having somewhat dif- 
fatent types cd input protection circuiby. 



It should be noted that the analysis ignores a number 
of important items, such as high-frequency effects in 
the on-chip circuitry. These effects are difficult to pre- 
dict, and are no doubt dependent on temperature, fre- 
quency, and device sample. However, they can be sim- 
ulated to a reasonable degree by adding an "output 
capacitance" of about 20 pF to the circuit model (ie, 
in parallel with CX2), as described below. 

Notes on Using the Program 

The program asks the user to input values for various 
circuit parameters. First the crystal (or ceramic reso- 
nator) parameters are asked for. These are R I , L 1 , C 1 , 
and CO. The manufacturer can supply these values for 
selected samples. To obtain any kind of correlation be- 
tween calculation and experiment, the values of these 
parameters must be known for the specific sample in the 
test circuit. The value that should be entered for CO is 
the CO of the crystal itself plus an estimated 7 pF to 
account for the XTALl -to-XTAL2 pin capacitance, plus 
any other stray capacitance paralleling the crystal that 
the user may feel is significant enough to be included. 

Then the program asks for the values of the XTALl -to- 
ground and XTAL2-to-ground capacitances. For 
CXTALl, enter the value of the externally coimected 
bulk capacitor plus an estimated 7 pF for pin capaci- 
tance. For CXTAL2, enter the value of the externally 
connected bulk capacitor plus an estimated 7 pF for pin 
capacitance plus about 20 pF to simulate bigh-fiequency 
loll-off and ^use shifts in the on-chip dicuitry. 

Next the program asks for values for the small-signal 
parameters of the on-chip amplifier. Typically, for the 
8051/8751, 

Amplifier Gain Magnitude = 15 

Feedback Resistance = 2300k-ohms 
Output Resistance = 2k-ohms 

The same values can be used for MCS-48 (NMOS and 
HMOS) devices, but they are difficult to verify, because 
the Schmitt Trigger does not lend itself to small-signal 
measuienients. 



24 



2308S9401 



100 DEFDBL C. D. F. O. L. P. R. B. X 

200 REM APRIL Bi 1983 

300 REM ***♦♦»#••*•»•*»»»##•**«»###****»••»**•*••#••#•#••»••••»»«•»••♦••#»**### 

400 REM 

500 REM FUNCTIONS 
600 REM 
700 REM 

800 REM FNZMIR. X) - MAeNITUDE OF A COMPLEX NUMBER. 
S<»l<R'-2+X'«) 



ANGLE OF A COMPLEX NUMBER 
180/PI»ARCTAN<X/R) IF R>0 

180/PI«ARCTAN(X/R) + 180 IF R<0 AND X>0 
1S0/PI*ARCTAN(X/R) - 180 IF R<0 AND X<0 
180/PI«ATN(X/R) - <SON(R)-l)*8eN<X)*90 



IR+jXI 

900 DEF FNZM<R. X) - 

1000 REM 

1100 REM FNZPCR, X) 
1200 REM 
1300 REM 
1400 REM 

1500 DEF FNZP(R, X) 
1600 REM 

1700 REM INDUCTIVE IMPEDANCE AT COMPLEX FHEOUENGV S*jF <HZ) 

1800 REM Z • 2»P1*S«L ♦ j2»PI»F»L 

1900 REM - FNRL(S. L) + jFNXLCF. L) 

2000 DEF FNRLCSL, LL) = 2#*PI»SL»LL 

2100 DEF FNXLCFL. LL) = 2#»PI»FL»LL 

2200 REM 

2300 REM CAPACITIVE IMPEDANCE AT COMPLEX FREQUENCY S+jF <MZ) 

2400 REM Z = l/C2»PI«(S+jF)»C3 

2500 REM = S/C2»PI»(S ■2+F-'2 )«C : + J ( -F ) / C2*P1«<S'^+F'^)C3 

2600 REM = FNRC(S, F,C) + jFNXCCS, F, C) 

2700 DEF FNRC(SC. FC, CC I = SC / ( 2»»P I* ( SC'2+FC---2 ) »CC ) 
2800 DEF FNXCCSC, FC. CC) = -FC/ < 2«»P !♦ <SC'-2*FC'>a>»CC ) 
2900 REM 

RATIO OF TWO COMPLEX NUMBERS 

RA*RB+XA*XB XA*RB-RA*XB 



3000 REM 
3100 REM 
3200 REM 
3300 REM 
3400 REM 



RA'^JXA 
RB+jXS 



J 



PARALLEL IMPEDANCES 
(R*+JXA> I I (RB-l-jXB) 



(RA+jXA>*(RB+jXB> 



RA+RB -i-jCXA+XB) 

RA«(RB^2+XB'--2)+RB»<RA-2+XA'^a> 



RB"2+XB"2 RB^2+XB'-2 
FNRRCRA, XA, RB, XB) + jFNXR ( RA. X A. RB. XB J 
3500 DEF FNRRIRA. XA, RB, XB) = ( RA»RB + XA«XB ) / <RB~2+XB''2) 
3600 DEF FNXRtRA, XA, RB, XB) = ( XA»RB-XB»RA ) / < RB'^+XB'-a) 
37O0 REM 

3800 REM PRODUCT OF TWO COMPLEX NUMBERS 

3900 REM (RA+jXA)»(RB+jXB) = RA»RB-XA*XB + J ( XAVRB+RAVXB ) 

4000 REM = FNRMIRA. XA. RB. XB> + jFN)»1({lA. XA. RB. XB) 

4100 DEF FNRM(RA, XA, RB, XB) = RA*RB - XA*XB 
4200 DEF FNXM<RA. XA, RB. Iffl ) B RAftXB + RB*XA - 
4300 REM 
4400 REM 
4500 REM 
46O0 REM 
4700 REM 
4800 REM 
4900 REM 
5000 REM 
5100 REM 
3200 REM 
9300 REM 

9400 REM - FNRPCRA, XA, RB, XB) + jFNXP (RA, XA. RB, XB ) 

9900 DEF FNRPtRA. XA, RB. XB) = <RA»<RB"2+XB^2) + RB»<RA-2+XA~2) ) / < (RA+RB )-2 + (XA+XB>^2> 
9600 DEF FNXP<RA. XA. RB. XB) - (XA*(RB'^2'<'XB'^2) + XB*(RA-~24'XA'^2) >/( (RA->RB>^2 + (XA4'XB)'^) 
9700 REM 

98O0 REM ***»»»<HMl-»»*«»*»*«**»***»***»**«»»»»»»»»«»»»» Hi l M ll tl fc»y «» i »«»# » 

5900 REM 

6000 REM BEGIN COMPUTATIONS 

6100 REM 
6200 LET PI 
6300 REM 
6400 REM 

6500 GOSUB 14500 
6600 REM 

6700 REM ESTABLISH NOMINAL RESONANT AND ANT I RCSONAOT eWSTAL Wm^iMHCim 
6800 FS - FIX( 1/(2»PI»SQR(L1»C1 ) ) ) 
6900 FA - FIX< l/<2»PHtSQR<Ll»Cl»C0/(Cl+C0) ) ) ) 
7000 PRINT 

"XTAL IS SERIES RESONANT AT "iFSi" HZ" 
PARALLEL RESONANT AT "; FAi " HZ" 



(RA+RB)"2 + (XA+XB)"2 



XA»(RB'2+XB--2)+XB»(RA^2+XA'-2) 



(RA+RB)"2 + (XA+XB)-~2 



3. 141992654* 



DEFINE CIRCUIT PARAMETERS 



7100 PRINT 

7200 PRINT 
7300 PRINT 
7400 PRINT 
7500 PRINT 
7600 PRINT 
7700 PRINT 
7800 PRINT 



'SELECT: 1. LIST PAKAMETERS" 

2. CIRCUIT ANALYSIS" 

3. OSCILLATION FREQUENCY" 

4. START-UP TIME CONSTANT" 

5. STEADY-STATE ANALYSIS" 
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7900 PRINT 
8000 INPUT N 

ir 



m 



8200 REM 
8300 REM 



LIST PARAt^TERS 



8400 GQSUB 17100 
8500 GOTO 6800 

860O IF N-2 THEN PRINT ELSE 9400 
870O REM 

8BO0 REM CIRCUIT ANALYSIS 

8900 PRINT " FREQUENCY S+JF: TYPE (S), <F). " 
90O0 INPUT SO, FQ 

9100 GOSUB 20200 
9200 GOSUB 26600 
9300 GOTO 6800 

9400 IF N=3 THEN 10300 ELSE 11000 
9500 REM 

9600 REM DSCILLATION FREQUENCY 

9700 CL = CX»CY/(CX+CY) + CO 

9800 FQ = FIX<l/(a»PI»8QR(Ll»Cl*GL/(Cl+©L) 1.) ) 
9900 SQ = O 

10000 DF = FIX<lO*INTlLOe<FA-FS)/LOS(lO)-2)+. S) 

10100 DS = 

10200 RETURN 

10300 OOSUB 9700 

10400 eOSUB 30300 

10500 PRINT 

10600 PRINT 

10700 PRINT "FREQUENCY AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE:" 
10800 OOSUB 26600 
10900 GOTO 6800 

11000 IF N=4 THEN PRINT ELSE 12200 
t'llOO REH 

11200 REM START-UP TIME CONSTANT 

11300 PRINT "THIS WILL TAKE SOME TlfK " 

11400 eOSUB 9700 
IISOO GOSUB 37700 
11600 PRINT 
11700 PRINT 

11800 PRINT "FREQUENCY AT WHICH LOOP CAIN = 1 AT O DEGREES:" 
11900 GOSUB 26600 

12000 PRINT : PRINT "THIS YIEL]>S A START-UP TIME CONSTANT OP' "I CSNBt 10000ea!/C3«PI*aa> >I - HICROSECS" 

12100 GOTO 6800 ^ 

12200 IF N=3 THEN PRINT ELSE 7300 

12300 REM 

12400 REM STEADY-STATE ANALYSIS 

12900 PRINT "STEADY-STATE ANALYSIS" 
12600 PRINT 

8031/8051" 
8751" 

8035/8039/8040/8048/8049" 
S748/8749 " 



"KLEGT: 



2600 



12700 PRINT 
12800 PRINT " 
12900 PRINT " 
13OO0 PRINT " 

13100 INPUT icy. 

13200 IF IC7.<1 OR IC7.>4 THEN 
I3300 GOSUB 46900 
13400 GOTO 7300 

13500 REM SUBROUTINE BELOW DEFINES INPUT-OUTPUT CURVE OF OSCILLATOR CUT 

13600 IF ICX>2 AND VO-S AND VKS fWTW*N 

13700 VO = -10*VI + 15 

13800 IF V0>9 THEN VO-S 

13900 IF V0<. 2 THEN VO - . 2 

14000 IF ICX>2 AND V0>2 THEN VO = 5 

14100 RETURN 

14200 REM 

14300 REM »•*•»***•»»***«»»»*»»»»**•**»»*»»»»»*«•**»*»#»#»»*»»»*»»***»*» 

14400 REM 

14500 REM DEFINE CIMeUlT PaRAMTjCRB' 

14600 REM 

14700 INPUT " Rl <OHMS)"iRl 

14800 INPUT " LI (HENRY) "i LI 

14900 INPUT " CI <PF)"iX 

15000 CI - X*1E-12 

I9100 INPUT " CO (PF)"iX 

15200 CO = X»1E-12 

15300 INPUT " CXTALl (PF)"lX 

1S400 CX = X»1E-12 

15900 INPUT " CXTAL2 (PF)"|X 

19600 CY - X*1E-1S 
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15700 
15B00 
15700 
16000 
16100 
16200 
16300 
16400 
16S00 
16600 
16700 
16800 
16700 
17000 
17100 
17200 
17300 
17400 
17500 
17600 
17700 
17800 
17900 
18000 
18100 
18200 
18300 
18400 
18500 
18600 
18700 
1S800 
1S700 
19000 
19100 
19200 
17300 
17400 
19500 
19600 
19700 
19800 
19900 
20000 
20100 
20200 
20300 
20400 
20500 
20600 
20700 
20800 
20900 
21000 
21100 
21200 
213O0 
21400 
21S00 
21600 
21700 
21800 
21900 
22000 
22100 
22200 
22300 
22400 
22500 
22600 
22700 
22800 
22900 
23000 
23100 
23200 
23300 
23400 



INPUT GAIN FACTOR HAGN I TUDE " : AV« 

INPUT AMP FEEDBACK RESISTANCE (K-QHMS)";X 

RX = X*1000# 

INPUT " AMP OUTPUT RESISTANCE (K-OHMS)";X 

RO - X*1000# 

REM 

REM 

REM LIST CURRENT PARAMETER VALUES 

eOSUB 1710Q 
RETURN 
REM 
REM 
REM 
REM 
REM 
REM 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 
PRINT 



*»«»»»»»«»*»**»»»»»«»*»*»«««*»»«»»»*#»•»****«*»»»•»«*»«*»*»** 
LIST CUaRBUT PARAMETER VALUES 



"CURRENT PARAMETER VALUES: 



1. 


Rl = •' 


Rl, " OHMS" 




LI = " 


CSNG<Ll)i " HENRY" 


3. 


CI = " 


CSNG<C1«1E+I2)j " PF" 


4. 


CO = " 


CSNG(C0»1E+12); " PF" 


5. 


CXTALl 


" "i CSNe(CX»lE+12)i " PF" 


6. 


CXTAta 


= °i CSN0'(eY»lE+12)i " PF" 



AMPLIFIER GAIN MAGNITUDE - "lAV« 

FEEDBACK RESISTANCE = CSNeCRX*. 001 )i " K-OHMS" 
OUTPUT RESISTAWGE « " j CSNStRO*. 001 ) i " K-OHMS" 



TO CHANSe A PA«,N(nS'»IBei-<j«(fcJ«i 
OTHERMISE. TVPE O, 0. " 
INPUT NX, X 
IF NX=0 THEN RETURN 
X 
X 



TWE (PARAM NO. >. (NEW VALUE). 



x»iE-ia- 



This routine calculates the loop gain at complex frequency SQ+ 

1, Crystal inpedance 



RE 



JXE 



IF NX=1 THEN Rl =■ 
IF NX=2 THEN LI = 
IF NX-3 THEN CI 
IF NX=4 THEN CO = X»1E-12 
IF NX=5 THEN CX = X»1E-12 
IF N'/.=6 THEN CY = X»IE-12 . • ' 
IF Ny.=7 THEN AV» = X 

IF Ny.=8 THEN RX = X*1000! ' , 

IF NV.=7 THEN RQ = X»l600! 

GOTO 17400 

REM 

REM 

REM 

REM 

REM CIRCUIT ANALYSIS 

REM 
REM 

REM 

REM 
REM 

XI = FNXLCFQ, LI) + FNXC ( SQ, FQ, C 1 ) 

RE = FNRP< (R1*FNRL(SQ, LD+FNBCCSQ, FQ, CI ) ), XI, FNRCOO. FQ, CO). FNXC (SQ, 
XE = FN)fP( <R1+FNRL(SQ, LI )+FNRC CSO, FQ, CI ) ), XI, FNRSfSQ. FQ, CO), FNXe(SQ. 
REM 
REM 
REM 
RF 
XF 
REM 
REM 
REM 

Rl = FNRC (SQ, FQ, C:< ) 
XI = FNXC(SQ, FQ, C :< ) 
REM 
REM 
REM 

RL = FNRP ( (RF+RI ) 
XL = FNXP< (RF+RI ) 
REM 
REM 
REM 
REM 
AR* 
AI» 
REM 
REM 
REM 



JFO. 



FQ, CO) ) 
FQ, CO) ) 



RF 



JXF 



(RE+jXEK- Uawpl if ler «»!6*l»#e)i yesiskaBEe I 



FNRP(RX, O, RE, XE) 
FN,)tP(RX, 0, RE. XE) 



Input impedance: Zi 



Rl 



jXI = impedance o* CXTALl 



Load impedance: ZL = (impedance of C XTAL2 ) I I C ( RF+R I ) + j ( XF+X I ) : 

( XF+XI ) , FNRC (SQ, FQ, CY) , FNXC (SQ. FQ, CY) ) 
(XF+XI ). FNRC (SQ. FQ. CY) , FNXC(SQ. FQ. CY) ) 

5. Amplifier gain: A = -AV«ZL/ ( ZL+RO) 

= A(rBal) + jA ( imag inary ) 

= -AV#»FNRR (RL. XL, (RO+RL).XL) 

= -AV#1FNXR(RL, XL, (PO+RL), XL) 



6. Feedback ratio: 



(beta) = ^RI + J XI ) t (RF+R I ) + J ( XF+XI ) ] 
= B(real) + j0( imag inary ) 
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33m0 REM 

SiftOO BR» = FNRR (RI, XI. (RI tRF ) , ( XI+XF) ) 



ll 



+ 



23800 
23900 
24000 
24100 
24200 
24300 
244O0 
24500 
24600 
24700 
24800 
24900 
25000 
25100 
2S200 
25300 
25400 
25300 
29600 
25700 
25800 
25900 
26000 
26100 
26200 
26300 
26400 
26500 
26600 
26700 
26B00 
26900 
27000 
27X00 
27200 
27300 
27400 
27500 
27600 
27700 
27800 
27900 
28000 
28100 
28200 
28300 
28400 
28500 
28600 
28700 
28B00 
28900 
29000 
29100 
29200 
29300 
29400 
29500 
29600 
29700 
29800 
29900 
30000 
30100 
30200 
30300 
30400 
30900 
3O6O0 
30700 
30800 
30900 
31000 
31100 
31200 



REM 

REM 7. AflipliiPier gain in iRa,^nitiide/ph»9e *orni: AR+j,rtI » A at AP degTeas 

REM 

A = FNZMCAR*. AJ») 
AP = FNZP<AR#. AI«) 
REM 

REM 8. (beta) in magnitUde/phase fffr*: BH+jSI =s B at BP desrees 
REM 



FNZnCBH*. BI*> 
= FNZP(BR#. BI#) 



9. Loop gain: 



@ IS (,BI«+j«I)*<AR+jAI) 

« e(rfial> + j©( imaginary ) 



10. Loop gain in magnitude/phase form: GR+jOl " AL at A3 degrees 



FREQUENCY = "iSQi " + J" i FQ; " HZ 
XTAL IMPEDANCE = FNZM ( RE, XE) ^ 
(RE = "i CSNG(RE), " OHMS) 
(XE = "lCSNG(XE)i" OHMS) 
LOAD IMPeUANCE - "i FNZMCRL, XL)i 
AMPLIFIER SAIN = "iAi" AT "iAPi 
FEEDBACK RATIO » "jEi" AT "fBPl 



OHMS AT "i FNZPtRE, XE)i 



OHMS AT ' 
DEGREES" 
DEGREES" 



J FNZPCRL. XL) I " OeaREES" 



LOOP OA I N 



"1 ALi " AT "i ASi 



BECREBS" 



B 

BP ' 
REM 
REM 
REM 
REM 

OR = FNB«tAB», A»t. BR#. But) 
GI = FNXIKARi. At*> BR*. Bt«) 
REM 
REM 
REM 

AL = FNZMCOR, ei) 

AQ = FNZPC^, el) 

RETURN 

REM 

REM 

REM 

REM 

REM PRIWT CIRCOIT ANALYSIS RESULTS 

REM 
PRINT 
PRINT " 
PRINT " 
PRINT " 
PRINT " 
PRINT " 
PRINT " 
PRINT " 
PRINT " 
RETURN 
REM 
REM 

REM **«#«#«»tt««««^«.««««««»<IMi«*iH»*»**.«*#«»W«iHt«««^^ 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 

GOSUB 20200 ' 
GOSUB 26600 
IF SI=0 THEN RETURN 

sxx = iNT(seN<ei)) 

IF SXX-+1 THEN DS - -DS 

REM (REVERSAL OF DS FOR GI>0 IS FOR THE POLE-SEARCH ROUTlNfi, » 
REM 

REM 2. INCREMENT Tt« PHeaWNEY. 
REM 

SP = SQ 



SEARCH FOR FREOUEIMCY (S+JF> 
AT WHICH LOOP GAIN HAS ZERO PHASE ANGLE 

This routine searches for the frequency at uhich the imaginary part 
of the loop gain is zero. The algorithm is as follows: 

1. Calculate the sign of the imaginary part of the loop gain (01). 

2, Increment the frec^uency. 
Calculate the sign of GI at the incremented frequency. 
If the sign of GI has not changed, go back to 2. 
If the sign of GI has changed, and this frequency is ulthin 
IHz of the previous sign-change- exit the routine. 
Dtherujiset divide the frequency increment by -10. 
Go back to 2. 

The routine is entered with the starting frequency SQ+jFQ and 
starting increment DS+jDF already defined by the calling program. 
In actual use either DS or DF is zeroi so the routine searches for 
a GI=0 point by incrementing either SO or FQ while holding the other 
constant. It returns control to the calling program with the 
incremented part of the frequency being within IHz of the actual 
GI=0 point. 

1. CALCULATE THE SIGN OF THE IMAGINARY PART OF THE LOOP GAIN (GI). 



illP-liS 



31300 
31400 
31500 
31600 
31700 
31800 
31900 
32000 
32100 
32200 
32300 
32400 
32500 
32IS00 
32700 
32S00 
32900 
33000 
33100 
33200 
33300 
33400 
33500 
33600 
33700 
33800 
33900 
34000 
34100 
34200 
34300 
34400 
34500 
34600 
34700 
34800 
34900 
35000 
35100 
35200 
39300 
3940O 
39900 
39600 
3970O 
35800 
35900 
36000 
36100 
36200 
36300 
36400 
36500 
36600 
3670O 
36800 
369O0 
37000 
3710O 
37200 
37300 
37400 
37500 
37600 
37700 
37800 
37900 
38O00 
38100 
38200 
38300 
38400 
3B500 
38600 
38700 
3B800 
38900 
39000 



FQ 



DS 
DF 



CALCULATE THE SIGN OF 01 AT THE INCREMENTED FREQUENCY. 



80 Bmn TO 2. 



IF THE SISN OF 01 HAS CHANGED, AND IF THIS FREQUENCY IS WITHIN 
IHZ DF THE PREVIOUS SIGN-CHANGEi AND IF SI IS NgSftTIVEi TJCN 
EXIT THE ROUTINE. (THE ADDITIONAL REQUtREMENT FOR NEWiTIVE SI 
IS FOR THE POLE-SEARCH ROUTINE. ) 



-D8/10# 
-DP/10# 



GO BACK TO a. 



SEARCH FOR POLE FREQUENCY 



FP = FQ 
BQ = SQ 
FQ ■■ 
REM 
REM 
REM 

GOSUB 20200 
GOSUB 26600 

IF INTCBGNCSI) »=0 THEISI RETURN 
REM 

REM 4. IF THE SIGN OF GI HAS NOT CHANGED 
REM 

IF SXr.+ INT<SGN<GI ) )=0 THEN PRINT ELSE 31400 
SX7. = -SX7. 
REM 
REM 
REM 
REM 
REM 
REM 

IF ABS<SP-SQ)<1 AND ABS(FP-FQ)<1 AND SX7.=-1 THEN RETURN 
REM 

REM 6. DIVIDE THE FRBQUEMCV WeREHENT BY -10. 
REM 
DS = 
DF = 
REM 
REM 
REM 

eOTO 31200 
REM 
REM 

REM »»•«•»*••*»»#» 

REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REn 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
GOSUB 9700 
GOSUB 30300 
REM 

REM 2. AT THIS FREQUENCY, CALCULATE THE SIGN OF (AL-1). 
HEM 

SYX = INT(SON<AL-H ) ) 
IF SY7.=-1 THEN STOP 

REM ESTABLISH INITIAL INCSEMENTATlpN VALUE FOR rQ: 

Fl = FQ " 

DF = (FA-F1)/10# 

GOSUB 30300 

DE = (FQ-F1)/10« 

DF = 

FQ = Fl 



This routine searches for the frequency at which the loop gain = 1 
at degrees. That frequency is the pole frequency of the closed- 
loop gain function. The pole frequency Is a complex number, SQ+jFQ 
(Hz). Oscillator start-up ensues if SQ>0. The algorithm is based on 
the calculated behavior of the phase angle of the loop gain in the 
region of interest on the complex plane. The locus of points of zero 
phase angle crosses the j-axis at the oscillation frequency and at 
some higher frei^uency. In betuieen these tujo crossings of the j-axis, 
the locus lies in Quadrant I of the complex plane, forming an 
approximate parabola which opens to the left. The basic plan is to 
follotu the locus from. where it crosses the j-axis at the oscillation 
frequency, into Quadrant I, and find the point on that locus where 
the loop gain has a magnitude of 1. The algorithm is as follows: 
Find the oscillation frequency, 0+jFQ. 

At this frequency calculate the sigh of (AL-l), (AL * magnitude 
of loop gain. ) 
Increment FQ. 

For this value of FQ, find the value of SQ for which the loop 
gain has zero phase. 

For this value of SQ+jFG, calculate the sign of (AL-1>. 
If the sign of (AL-l) has not changed, go bacic to 3. 
If the sign of (AL~1) has changed, and this value of FQ is 
within IHz of the previous sign-change, exit the routinVr 
Otherwise, divide the FQ-increment by -10. 
Go back to 3. 



1. FIND THE OSCILLATION FREQUENCY, 0+jFQ. 



39100 REM 
39200 REM 



INCREMENT FQ. 



39300 
39400 
39500 
39600 
39700 
39B00 
39700 
40000 
40100 
40200 
40300 
40400 
40900 
40600 
40700 
40800 
40900 
41000 
41 100 
41200 
41300 
41400 
41500 
41600 
41700 
41800 
41900 
42000 
42100 
42200 
42300 
42400 
42500 
42600 
42700 
42800 
48900 
43000 
43100 
43200 
43300 
43400 
43S00 
43600 
43700 
43800 
43900 
44000 
44100 
44SO0 
44300 
44400 
44500 
44600 
44700 
44800 
44900 
45000 
45100 
45200 
45300 
45400 
45500 
45600 
45700 
45800 
45900 
46000 
46100 
46200 
46300 
46400 
46500 
46600 
46700 
46800 



REM 
FQ = 
REM 
REM 
REM 
REM 
REM 
REM 
DS = 
SQ = 



+ DE 

FOR THIS VALUE OF FQ, FIND THE VALUE OF SQ FOR WHICH THE LOOP 
GAIN HAS ZERO PHASE. (THE ROUTINE WHICH DOES THAT NEEDS DF = 0, 
SO THAT IT CAN HOLD FS CONSTANT. AND NeEDS AN INITIAL VALUE FOR 
OS, WHICH IS ARBITSARtLY SET TO DB =■ 1000. ) 



1000# 


OOSUB 30300 

IF AL-1 ! THEN RETURN 

REM 

REM 9. FOR THIS VALUE OF Sa+jFO. CALCULATE THE SIBN OF (AL-1). 
REM 6. IF THE StOK 6f tAL-1) M»S NOT CMANOEB- 60 BACK TO 3. 
REM 

IF SY7.+ INT(BGN(AL-1 ' ) )=0 THEN PRINT ELSE 39400 
REM 

REM 7. IF THE SIGN OF (AL-1) HAS CHANOED, AND THIS VALUE OF FQ IS WITHIN 

REM IHZ OF THE PREVIOUS SieN-<XANBE. EXIT THE ROUTINE, 

REM 

IF ABS(F1-FQ)<1 THEN RETURN 
REM 

REM 8. DIVIDE THE FO-INCREMENT BY -10. 
REM 

DE - -DE/10# 
Fl = FQ 

SVV. = -SYX 
REM 

REM 9. GO BACK TO 3. 
REM 

SOTO 39400 

REM 

REM 

REM «•«**«*•*«•»»**«*•#**««»«*««■*««**«««*«««««««««»««*•••»«»««*»**« 
REM 

REM STEADY-STATE ANALYSIS 

REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
REM 
tEM 



The circuit model used in this analysis is similar to the one used 
in the email-signal analysis, but differs from it in tuo respects. 
First, it includes clamping and clipping effects described in the 
text. Second, the voltage source in the Thevenin equivalent of the 
amplifier is controlled bg the input voltage in accordafica ulth ati 
input-output curve defined elseuihere in the program. 

The analysis applies a sinusoidal Input signal of arbitrary 
amplitude, at the oscillation frequency, to the XTALl pin, then 
calculates the resulting ufaveform from the voltage source. Using 
standard Fourier techniques, the fundamental frequency component of 
this waveform is extracted. This frequency component is then 
multiplied by the factor I ZL/ ( ZL+RO) I , and the result is taken to be 
the signal appearing at the XTAL2 pin. This signal is then 
multiplied by the feedback ratio (beta), and the result is taken to 
be the signal appearing at the XTALl pin. The algorithm is noiu 
repeated using this computed XTALl signal as the assumed input 
sinusoid. Every time the algorithm is repeated, new values appear at 
XTALl and XTAL2i but the values change less and less djith each 
repetition. Eventually they stop changing. This is ttie ftteady-stat«,. 

The algorithm is as follows: 

1. Compute approximate oscillation frequency. 

2. Call a circuit analysis at this frequency. 

3. Find the quiescent levels at XTALl and XTAL2 (to establish the 
beginning DC level at XTALl). 

4. Assume an initial amplitude for the XTALl signal. 

9. Correct the DC level at XTALl for clamping effects, if necessary. 
6. Using the appropriate input-output curve, extract a DC level and 

the fundamental frequency component (multiplying the latter by 

IZL/(ZL+RO) I ). 

7 Clip off the negative portion of this output signal, if the 

negative peak falls below zero. 
S If this signal, multiplied by (beta), 
amplitude by less than ImV, or if the 
10 times, exit the routine. 

Otherwise, multiply the XTAL2 amplitude by (beta) and feed it 
back to XTALl, and go back to 5. 
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differs ^rom the input 
algorithm has been repeated 



1. COMPUTE APFROXIMATC 6KC ILLATION FREQUENCY. 
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46900 eOSUB 9700 
47000 REM 

47100 REM 2. CALL A CIRCUIT AMALYSIS AT THIS FREQUENCY. 

47200 GOSUB 20800 

47300 PRINT ; PRINT : PRINT "ASSUMED OSCILLATION FREQUENCY:" 
47400 GOSUB 26600 
47500 PRINT : PRINT 
47600 REM 

47700 REM 3. FIND QUIESCENT POINT 

47800 REM (At quiescence the voltages at XTALl and XTAL2 are equal. This 
47900 REM voltage level is found by trial-and-error* based on the input- 
46000 REM output curve* so that a person can change the input— output curve 
48100 REM as desired without having to re-calculate the quiescent point. > 

48200 VI = O 
48300 VB = 1 
48400 K.1 = 1 
48500 VI = VI + VB 
48600 GOSUB 13600 

48700 IF ABS(VO-VI X. 001 THEN 49200 

48800 IF K1+SGN(VQ-VI)=0 THEN 48900 ELSE 48900 

48900 KI = SGN<VO-VI) 

49000 VB - -VB/10 

49100 eOTO 48500 

49200 VB - VI 

49300 PRINT "QUIESCENT POINT = "iVB 
49400 REM 

49900 REM 4. ASSUME AN INITIAL AMPLITUDE FDR THE XTALl SIGNAL. 

49600 EI = . 01 
49700 NRX = 
49800 REM 

49900 REM 5 CORRECT FOR CLAMPING EFFECTS, IF NECESSARY. 

90000 REM (Kl and K2 are curve-fitting parameters for the ROn parts. > 

90100 Kl = (2. 5-VB)/(3-VB> 

90200 K2 - (VB-1. 35)/(3-VB) 

90300 IF ICX-2 OR ICX-4 THEN IF EI<(VB+. 5) THEN EO = VB ELSE EO - EI - . 9 
90400 IF ICX=1 OR ICX=3 THEN IF EI<(VB+. S) THEN EO =° VB ELSE EO = KKEI+K2 
50900 NRX = NRX + 1 
50600 REM 

50700 REM 6. DERIVE XTALS AMPLITUDE. 

50800 VO = 
50900 VC = 
51000 VS = 

51100 FOR N7. = -25 TO +24 

51200 VI = EO - EI»CaS<PI»N-/./25) 

51300 GOSUB 13600 

51400 VO = VO + VO 

51500 VC " VC + V0«C0S(PI«NX/25) 

91600 VS - VS + Va*8INCPI*NX/29) 

91700 NEXT NX 

918O0 VO = VO/90 

51900 VI = SaR(VC'^2+VS'^2>A29«FNZM(RI.. XD/FNIMC (RL+RO>. XL> 
92000 REM 

52100 REM 7. CLIP XTAL2 SIGNAL. 

52300 IF VO-VKO THEN VL = ELSE VL = VO-Vl 

52300 PRINT : PRINT "XTALl SWING = ";E0-EI]" TO "iEO+EI 

52400 PRINT "XTAL2 SWING = "iWL," TO " , VO+Vl 

52500 REM 

52600 REM 8. TEST FOR TERMINATION. 

52700 IF. l^P5IEl-Vl«BJ-C OOl OR NRX=10 THEN RETURN 

52800 REM 

92900 REM 9. FEED BACK TO XTALl AND REPEAT. 

93000 EI = V1«B 
93100 SOTO 90300 
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